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ABSTRACT 

Provide#  current  approaches  being  followed  in  the  development  of 
liquid  lubricants  to  meet  the  projected  requirements  of  advanced  systems. 
Discusses  the  techniques  used  by  the  Fluid  and  Lubricant  Materials  Branch  in 
evaluated  candidate  fluids  and  the  subsequent  significant  of  aCctmwlated  data 
This  repeat  has  been  reviewed  and  is.  approved. 
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INTRODUCTION 


The  severe  environments  associated  with  aerospace  systems  preclude  the  use  of 
readily  available  commercial  liquid  lubricants,  therefore  candidate  lubricants  for 
these  advanced  systems  must  be  selected  from  new  or  improved  fluids  resulting 
from  research  and  development  programs.  A  number  of  questions  arise  concerning 
the  selection  of  candidate  lubricants:  Where  and  how  are  these  selections  made? 

What  properties  of  a  material  are  most  pertinent  to  its  selection?  How  can  a 
research  chemist  determine  whether  or  not  a  newly  synthesized  fluid  is  of  interest 
to  the  Air  Force  as  an  advanced  lubricant?  Where  should  samples  be  sent  and  what 
quantities  are  required?  The  purpose  of  this  paper  is  to  provide  some  answers 
to  these  questions,  and  in  doing  so,  to  discuss  current  approaches  being  followed 
in  the  development  of  liquid  lubricants  to  meet  the  projected  requirements  of 
advanced  systems. 

LIQUID  LUBRICANTS  DEVELOPMENT 

Within  the  Nonmetallic  Materials  Laboratory  of  Materials  Central,  the  Fuels 
and  Lubricants  Branch  has  the  major  responsibility  for  selection  and  development 
of  lubricants  to  meet  future  needs.  It  is  to  this  Branch,  therefore  that  samples 
of  potential  fluids  should  be  submitted.  The  type,  amount,  and  stage  of  develop¬ 
ment  of  each  material  will  generally  determine  what  happens  to  a  sample  fluid. 

For  example,  if  a  fluid  is  available  in  multi-gallon  quantities  and  physical  and 
chemical  data  and  deposition  tests  indicate  it  to  be  a  promising  candidate  for  an 
advanced  gas  turbine  oil.  it  may  be  scheduled  for  high  temperature  bearing  rig 
tests  without  any  other  actual  testing  in  this  laboratory.  Promising  high  temperature 
hydraulic  fluids  may  be  considered  for  pump  tests,  if  available  in  large  quantities 
(15  gals).  Most  new  materials  hCwever,  are  available  in  very  limited  quantities  and, 
being  new,  have  undergone  little  or  no  evaluation  as  potential  liquid  lubricants. 
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It  is  this  group  of  materials  that  are  of  primary  concern  in  this  paper.  As  these 
„e»  materials  become  available,  they  undergo  a  series  cf  laboratory  tests  to 
provide  property  data  which  can  be  used  as  a  basts  for  matching  the  fluids  with 
various  advanced  system  requirements.  In  this  “matching"  process  a  number  of 
challenges  must  be  met.  Foremost  among  these  are  the  limitations  in  the  number 
and  the  quantity  of  fluids  available  as  potential  lubricants  for  advanced  systems. 

Today,  the  choice  of  suitable  materials  is  considerably  more  restricted  than 
prior  to  World  War  II  when  petroleum,  with  its  broad  spectrum  of  properties, 
provided  a  wide  variety  of  lubricants  to  meet  most  requirements.  Present  and  future 
environments  rule  out  the  use  of  petroleum  in  most  advanced  systems.  The  major 
exception  is  the  use  cf  supsr.reflned  mineral  oils  in  advanced  hydraulic  systems. 

In  effect,  the  laboratory  flask  has  replaced  the  oil  barrel  as  the  prime  source  of 

materials . 

Since  most  of  the  new  fluids  are  provided  by  synthetic  research,  preliminary 
samples  are  usually  one  pint  or  less  in  quantity.  Obviously,  extensive  property 
studies  cannot  be  made  on  these  materials,  even  with  scaled-down  test  procedures. 

In  this  early  stage,  large  scale  performance  tests  requiring  gallon  quantities  of 
material  are  impractical  due  to  the  time  and  expense  involved  in  synthesis.  Quite 
often,  therefore,  the  immediate  direction  of  further  research  must  be  based  on  a 

minimum  amount  of  data* 

Although  the  suitable  materials  are  reduced  in  number,  those  few  that  are 
available  cover  a  broad  rang,  of  ohemical  types,  ineluding  inorganic  as  well  ae 
organic  compounds,  "orkers  conducting  property  studies  must  acquire  competence 
in  all  of  the  divergent  chemical  classes  involved  in  order  to  effectively  evaluate 
the  merits  of  each  material.  Test  procedures  and  apparatus  may  also  require 
modification  to  adapt  them  to  each  of  the  chemical  classes  of  materials,  particularly 
at  the  higher  temperatures  of  the  future. 


The  study  of  these  newer  materials  is  centered  in  the  Liquid  Lubricants 
Development  Group  of  the  Fuels  and  Lubricants  Branch.  Through  this  group,  both 
in-house  and  contractual  efforts  are  expended  in  characterizing  base  fluids,  additives, 
and  small-scale  formulations.  The  various  fluids  are  categorized  on  the  basis 
°T  initial  property  data.  In  general,  if  a  base  fluid  (or  formulation)  exhibits 
good  thermal  and  oxidative  stability  as  well  as  fluid  range,  it  may  undergo  develop¬ 
ment  as  an  advanced  gas  turbine  engine  oil.  If  a  fluid  has  good  thermal  stability 
and  broad  fluid  range,  but  lacks  the  desired  oxidative  stability  for  use  as  an 
engine  oil,  it  may  be  considered  as  a  candidate  for  an  advanced  hydraulic  fluid. 
Hydraulic  systems  exclude  oxygen  (air)  and  therefore  do  not  require  oils  with  as 

h;gh  a  level  of  oxidation  stability  as  an  engine.  A  candidate  fluid  for  high  tem¬ 

perature  lubricating  greases  must  have  very  low  volatility  and  have  long-term 
thermal  and  oxidative  stability. 

In  each  of  the  application  categories  mentioned  above,  there  are  certain 

requirements  of  primary  importance  which  must  be  met  by  the  candidate  fluid.  In 

a  fluid  which  meets  these  requirements  it  is  generally  necessary  to  compromise  one 
or  more  of  the  requirements  of  secondary  importance  since  none  of  the  present 
materials  will  meet  all  requirements  in  all  respects. 

In  order  to  discuss  in  more  detail  the  development  process  which  sample 
fluids  undergo,  the  current  program  for  development  of  advanced  gas  turbine  oils 
will  serve  as  an  example. 

DEVELOPMENT  OF  ADVANCED  GAS  TURBINE  ENGINE  OILS 

The  prime  target  in  this  program  is  the  development  of  an  advanced  gas  turbine 
oil  capable  of  operation  at  bulk  oil  temperatures  of  at  least  500°F,  while  having  > 
the  necessary  fluidityat  temperatures  as  low  as  -40°F.  This  oil  must  also  have 
the  thermal  and  oxidative  stability  necessary  to  prevent  formation  of  deleterious 
decomposition  products  while  exposed  to  the  high  bulk  oil  temperature,  hot  spots, 
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and  the  oxidizing  environment  present  in  gas  turbine  engines.  Finally,  the  oil 
must  be  a  good  lubricant,  i.e.,  it  should  prevent  excessive  wear  and  have  the 
ability  to  carry  the  applied  loads  encountered.  Of  course,  many  other  Droperties 
such  as  foaming,  compatibility,  volatility,  etc.,  must  also  be  considered. 

The  overall  Air  Force  program  for  the  evolution  of  a  new  gas  turbine  oil  is 
shown  in  Figure  1. 

FIGURE  1 

STEP-WISE  EVOLUTION  OF  A  GAS  TURBINE  OIL 
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This  sequence  was  generally  followed  in  past  development  programs  and  is  being 
followed  in  the  current  program.  The  solid  arrows  show  the  progression  of  the  can¬ 
didate  oil,  and  its  data  from  the  research  laboratory  to  the  operational  engine. 

The  broken  arrows  represent  the  backfeed  of  information. 

Step  1  represents  the  laboratories  that  are  the  source  of  new  high  temperature 
liquid  compounds.  These  sources  include  the  in-house  laboratories  of  Materials 
Central,  laboratories  under  contract  to  the  Air  Force,  and  other  industrial  research 
laboratories.  Chemical  compounds  currently  under  study  at  these  sources  include 
phospho-nitriles,  perfluoroalkyls  and  aromatics,  pyrazines,  triazines,  aryl  esters, 
and  polyphenyl  ethers. 

Step  2  in  this  sequencb  is  the  phase  in  which  the  Liquid  Lubricants  Development 
Group  operates.  It  is  here  that  the  new  liquid  materials  are  received  for  initial 
property  studies  as  base  or  ,,!neat”  fluids.  The  most  promising  base  stocks  are  then 
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formulated  with  various  combinations  of  additives  to  determine  the  optimum  formulation. 

Data  obtained  in  Step  2  are  not  only  used  to  select  candidate  formulations  for 
further  evaluation  in  Step  3»  but  are  also  fed  back  to  step  1  for  guidance  in 
further  research. 

The  formulations  which  enter  Step  3  must  first  be  obtained  in  larger  quantities. 
Often,  this  involves  scale-up  of  low  yield  synthesis  procedures  and  subsequent 
re-evaluation  of  the  larger  sample  to  assure  retention  of  all  significant  properties* 

In  Step  3*  the  candidate  lubricant  is  called  on  to  operate  in  dynamic  systems, 
in  which  many  properties  of  the  lubricant  are  being  evaluated  at  the  same  time. 

These  simulated  components  include  high  temperature  bearing  rigs,  deposition  rigs 
and  gear  rigs.  The  lubricant  is  subjected  to  combinations  of  high  teiroerature 
oxidizing  environment,  high  speeds,  and  high  loads.  It  is  in  intimate  contact 
with  large  areas  of  various  metals.  Collectively,  these  tests  give  a  measure  of 
the  lubricant  with  regard  to  (l)  its  resistance  to  massive  decomposition  and  formation 
of  harmful  deposits,  (2)  its  anti-wear  and  load-carrying  properties,  and  (3)  its 
compatibility  with  the  materials  which  it  contacts. 

Despite  all  of  these  preliminary  studies,  the  suitability  of  the  lubricant 
cannot  be  determined  without  extensive  static  engine  testing,  followed  by  actual 
flight  tests.  As  the  candidate  lubricant  proceeds  from  the  laboratory  evaluation 
to  the  engine  tests,  complexity  and  costs  sky-rocket,  therefore  it  is  obvious  that 
if  rapid  and  efficient  progress  is  to  be  made,  the  initial  property  evaluations 
(in  step  2)  must  produce  data  that  are  selective  and  are  closely  related  to  the 
actual  demands  of  an  advanced  engine.  A  general  discussion  of  these  evaluation 
procedures  follows. 

INITIAL  PROPERTY  AND  FORMULATION  STUDIES  AH  samples  of  potential  lubricating 
fluids  submitted  to  the  Liquid  Lubricants  Development  Group  undergo  a  series  of 
initial  property  studies,  first  as  base  fluids,  followed  by  formulation  with  additives. 
The  properties  of  primary  interest  are  listed  in  Figure  2.  Generally  the  laboratory 
submitting  the  sample  fluid  has  already  conducted  screening  tests  on  the  material. 


T/M-/9S&C/V* 
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If  these  data,  and  the  test  methods  are  provided  with  the  sample,  a  savins  in  time 
and  material  nay  be  realised  during  this  initial  property  study. 


FIGURE 


Oxidat ion-Corros ion 
Thermal  Stability 
Viscosity- temperature 
Volatility 


Pour  Foint 
Flash  Fire 
Anti-Wear 

Hydrolytic  Stability 


lhe  principal  evaluation  procedure  which  candidate  fluids  undergo  is  the 
oxidat ion- corrosion  test.  A  standardised  -micro-  procedure  has  been  developed 
which  requires  only  20  ml  of  the  sample  material  for  each  determination,  with 
five  different  (Beta!  specimens  immersed  in  the  fluid,  a  stream  of  air  (20  liters/hr) 
is  passed  through  the  fluid.  This  test  is  conducted  at  a  temperature  of  500°F 
with  a  teat  durati  n  of  24  hours.  The  etabliity  of  the  fluid  to  decomposition  Is 
aluated  by  measuring  the  changes  in  viscosity  and  acid  number.  The  formation  of 
solids  in  the  fluid  is  observed.  The  loss  of  fluid  from  the  sample  tube  is  detemsined 


The  metal  specimens  are  weighed  end  examined  to  determine  the  effect  of  the  fluid 
00  the  various  metals.  The  oxidation-corrosion  test  provides  some  of  the  elements 
of*. engine's  environment,  i.e.,  high  temperature,  oxidation,  and  various  metallic 
surfaces.  Many  other  factors  aie  not  tresent,  such  as  thefcigt  .sliding  speeds, 
loads,  thin  films  of  liquid  lubricant,  bot  spots,  and  the  proper  ratios  of  lubricant 


volume  to  sir  flow,  oxygen  content,  and  surface  areas  of  the  engine  components. 

The  -Micro-  oxidation-corrosion  test,  therefore  has  no  direct  correlation 
with  actual  engine  performance.  The  test  is  useful,  however,  for  comparing  the 
new  fluids  with  other  fluids  on  which  some  advanced  data  have  been  obtained,  One 
of  these  fluids  is  5-phenyl  ether  (5*W.  which  has  undergone  teats  in  high  temperature 
component  rigs  end  engines.  It  is  believed  to  be  the  only  fluid,  available  in 


quantity,  that  has  the  necessary  high  temperature  properties  for  a  5°°  ®  ^ 

oil.  Th.  major  -eahness  of  5W  *  P~  l0“  flUldlW-  "  “  ‘ 

point  of  <-40°?.  its  use  would  require  auxiliary  heaters,  or  diluti .r 

y  ,  Rspause  of  its  demonstrated 

.  OT.+  -un  at  low  temperatures.  Because 
fluids  to  permit  engine  stait-up  at  low  reu* 

_  the  laboratory  data  on  5P4E  is  used  aS  a 
superior  high  temperature  properties,  th 

reference  for  rating  new  high  temperature  materials.  Table  1  shows  oxidat  ^ 

-  obtained  oh  the  SW  CBas.  Biuid,  and  several  -  — iala- 

only  materials  comparable  with  3*1  under  these  cohditiOhS  are  the  cyciic  P 

f  this  class  of  compounds  however  have  high  ;  our  r-°*n 
The  preliminary  samp.es  of  this  class  oi 

.  the  simulated  component  rigs,  a  new 
TO  be  considered  for  extensive  testing  in  the  Simula 

fluid  must  b.  compare,  or  better,  than  5**  in  most  of  the  laboratory  stu  lea 
acted  in  Pigure  ,  and  snow  a  significant  improvement  in  lew  temperature  Properties 

0,'r  Tether  fluid  being  used  as  a  reference  is  which  also  ha,  been 

evaluated  in  high  temperature  components  and  advanced  engines.  It  has  a  bulh  oi 

temperature  limit  of  Candidate  fiuids  that  do  act  compare  favorabiy  « 

w,  +h  MIL-L-9236  at  425  F.  Those  base  fluids 
pi#  at  500°T  are  eventually  compared  with  MI  9  3 

able  at  k23°F  with  MIL-L  9236  (rormulation)  mmy  be  tested  H5 
that  are  comparable  at  40  o^ 

a  supplement  to  oxidation-corrosion  data,  an  oxidation  test  is  also 

fluias  in  this  test,  the  same  procedures  and  apparatus  are  used 

ducted  on  new  fluids,  in  UUA  +„nea 

Q  Table  2  shows  both  tjpes 

as  in  oxidation-corrosion,  however  no  metals  are  pr 

,wl  nvrazine  compared  with  MlL-L-923^  formulation  at 
of  t  st  results  on  an,  alkyl  pyrazme  ou  p 

.  fluid  as  well  as  the  formulation.  Generally. 
U25°I.  Included  are  data  on  the  base  fluid 

45  ,  ^  of  the  fluid  than  do  the  oxidation-corrosion 

oxidation  data  show  less  degradation  of  the 

R  ent  6tudlcc  With  certain  fluids  have  snown  the  reverse  tc  be  tr  . 

4ata.  Recent  atfeat.  as  indicated  by  significantly 

presence  of  the  metals , seemed  to  have 

reduced  changes  in  viscosity  and  acid  number. 

TM- /9-SK^/V-  & 
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Thermal  stability  tests  are  conducted  to  provide  a  measure  of  the  degradation  ' 
characteristics  of  the  fluid  under  thermal  stress,  without  the  oxidative  decomposition 
which  occurs  in  the  high  temperature  oxidation-corrosion  test.  A  number  of  thermal 
stability  tests  for  liquids  are  in  use  today.  As  a  result,  thermal  stability 
means  many  things  to  many  ^eople.  These  tests  range  from  thermal  decomposition 
point  as  obtained  by  the  iscteniscope  or  by  differential  thermal  analysis,  (DC A) 
to  the  bomb  or  open  vessel  tests  under  nitrogen  which  evaluate  the  changes  in  the 
fluid  after  exposure  at  various  temperatures  and  times. 

The  isoteniscope  and  the  DTA  procedures  provide  information  on  the  tern. erature 
at  which  decomposition  is  initiated,  but  do  not  reveal  the  effect  of  long-term 
thermal  stress  on  the  bulk  fluid  properties.  The  other  tests,  while  showing  bulk 
property  changes  do  not  indicate  the  initial  decomposition  point  or  the  mechanisms 
by  which  the  degradation  proceeds* 

At  the  present  time,  isoteniscope  data  are  being  used  by  the  development  group 
for  initially  comparing  the  thermal  stabilities  of  candidate  fluids.  Considerable 
effort,  however  is  underway  and  being  planned  for  a  study  of  existing  methods  as 
well  as  new  methods  to  give  (1)  basic  information  on  modes  of  thermal  degradation 
and  (2)  information  on  bulk  fluid  property  changes  more  closely  related  to  the  various 
applications  in  which  a  fluid  will  ultimately  be  used. 

Traditional  fluid  properties  such  as  viscosity,  pour  point,  fl-.sh  and  fire 
are  evaluated  by  the  standard  methods.  Volatility  at  temperatures  from  1|00°F  to 
500°F  is  determined  by  ASTM  method  D  972  for  evaporation  loss.  The  test  duration, 
however  is  only  6  1/2  hours. 

The  anti-wear  properties  of  base  fluids  and  formulations  containing  antiwear 
additives  are  evaluated  by  means  of  the  Shell  Four  Ball  Test.  Currently,  data 
are  obtained  under  various  combinations  of  test  conditions :  Temperatures*  l67°F 
and  400°Fi  Loads,  10  kg  and  4°  speed® ,  600  rpm  and  1200  rpm;  4*Ball  Material: 

52100  and  M-10* 
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The  hydrolytic  stability  of  the  candidate  fluids  is  determined  by  means  of 

Federal  Test  Method  Standard  791*  Method  3457  T. 

After  characterization  by  most  of  the  above  procedures,  the  most  promising 
base  fluids  are  formulated  with  high  temperature  anti-oxidants  and  anti-wear 
additives.  A  number  of  new  anti-oxidants  developed  by  Monsanto  Research  Corporation, 
appear  to  be  promising  in  polyphenyl  ethers,  and  esters.  Based  on  preliminary^ 
data,  metal  chelates,  such  as  Nickel  bis  (N-phenyl  5  nitrosalicylamine)  are  of  \ 
greatest  interest.  The  formulations  having  the  greatest  improvement  over  the  base 
fluid  (on  the  basis  of  oxidation-corrosion)  are  further  studied  to  determine  optimum 
concentration  of  additives.  At  this  point,  the  candidate  formulations  for  large 
scale  evaluation  are  selected. 

lr.e  current  status  of  liquid  lubricants  development  contractually  end  ln-bouse 


can  be  summarized  as  follows: 

Advanced  Gas  Turbine  Oils:  Polyphenyl  ether  (5W  is  the  only  fluid,  on  which 
considerable  data  nave  been  obtained. which  shows  promise  as  a  500°F  gas  turbine  oil.  - 
Some  of  the  cyclic  phosphonitriies  appear  to  be  similar  to  5^  the  basi3  of 
preliminary  oxiaation-corrosi.n  tests.  These  materials,  like  the  polyphenyl  ethers 
must  be  improved  from  the  standpoint  of  low  temperature  fluidity.  In  ad  ition  to 
structural  modifications,  blending,  studies  with  esters  are  being  carried  cut  on 
both  classes  of  material  to  effect  low  temperature  fluidity. 

n.„ir»„Hit-Fluid..  Super-refined  deep  dewaxed  mineral  oils,  synthetic  hydrocarbons, 
and  chlorinated  silicones  are  the  most  promising  currently  available  advanced  hydraulic 
fluid  candidates.  Some  experimental  alkyl  pyrarine  fluids  are  also  being  studied  as 
high  temperature  hydraulic  fluids. 

Fluid,  For  Lubricating  Greases:  High  phenyl  content  methyl-phenyl  silicones  are  the 
most  promising  candidates  for  use  in  greases  operating  at  600°F  in  bearing  performance 


teSoS  (Pope  Spindles). 


FUTURE 

The  foregoing  has  presented  the  current  program  of  initial  property  evaluation 
of  new  high  temperature  fluids.  Most  of  the  test  procedures  are  extensions  of  tests 
used  in  the  past  under  less  severe  conditions.  As  lubricant  requirements  advanced 
the  test  procudures  were  gradually  modified  to  keep  pace.  This  was  accomplished 
primarily  through  the  use  of  more  severe  test  conditions  rather  than  radical  changes 
in  concept.  These  procedures  are,  at  best,  rough  screening  tests  when  used  to 
select  promising  fluids  for  a  500°F  gas  turbine  oil.  They  are  primarily  concerned 
with  bulk  properties  of  fluids,  and  as  such  do  not  provide  adequate  data  under 
the  increasingly  more  severe  environments.  In  the  case  of  oxidation-corrosion 
tests  it  is  not  only  important  to  know  the  extent  of  degradation  of  the  fluid, 
but  also  the  mechanism  by  which  degradation  proceeds.  Knowledge  of  how  and  why 
fluids  degrade,  can  be  of  guidance  in  research  for  more  stable  molecular  structures 

and  in  the  selection  of  more  effective  additives. 

Contractual  and  in-house  programs  to  provide  this  type  of  information  are 
currently  in  progress.  A  specific  example  is  the  mechanism  study  of  the  oxidative 
degradation  of  polyphenyl  ethers  being  carried  out  under  Contract  AF  33(6l6)-?853 • 

An  in-house  program  has  been  initiated  in  which  vapor  phase  chromatography  and 
infrared  spectroscopy  are  being  studied  as  means  of  identifying  decomposition 

products  formed  during  oxidation-corrosion  tests. 

These,  and  other  laboratory  studies  will  be  continued  and  expanded  in  an  overall 
.effort  to  increase  knowledge  of  basic  properties  of  fluids.  However,  in  the  case 
of  gas  turbine  oils  these  laboratory  studies  in  themselves  will  not  predict  which 
fluids  will  make  the  best  500°F  gas  turbine  oil.  The  use  of  5^  data  at  500°F 
as  a  bench  mark  will  provide  some  measure  of  selectivity,  but  a  more  direct  relation¬ 
ship  will  to  be  established  between  (a)  fluid  properties  as  determined  on  small  quan¬ 
tities  of  material  in  the  laboratory  and  (b)  fluid  property  requirements  as 
determined  in  an  engine.  This  more  direct  relationship  can  be  promoted  by  a  much 


closer  liaison  than  now  exists  between  the  Liquid  Lubricants  Development  Broup 
and  the  other  elements  shown  in  Figure  1.  For  example,  in  studies  on  engine  oils, 
development  personnel  should  examine  fluids  and  hardware  from  the  large  scale 
component  rigs  and  engine  tests,  with  interpretation  of  results  provided  by  engine 
test  personnel.  Similarly,  hardware  and  research  personnel  should  feel  free  to 
visit  the  laboratories  at  ASD  for  direct  observation  and  discussion  of  bench  tests. 

a11  Personr>0l,  from  fluids  researcher  to  hardware  engineer,  have  a  good 
understanding  of  the  functions  and  objectives  of  all  of  the  other  groups,  the  way 
is  clear  for  a  knowledgeable  exhange  of  information  that  can  lead  to  laboratory 
data  that  is  more  meaningful. 

In  closing,  it  is  hoped  that  this  paper  has  provided  a  better  understanding 
of  the  workfceing  done  in  the  Fuels  and  Lubricants  Branch  on  new  research  samples 
of  potential  advanced  liquid  lubricants. 


U 


REFERHNCES 


1.  Adams,  H.  W.  ASD  TDR  62-268,  "High  Temperature  (-40  to  t550°F  ambient) 

Power  Transmission  Fluid",  July  1962. 

2.  Adams,  H.  W.  WADD  TR  60-536.  "High  Temperature  lubricants  For  Advanced  Gas 
Turbine",  November  I960. 

3.  Monsanto  Research  Corporation,  Contract  AF  33(6l6)-7853  and  Contract 
AF  33 (657)-8893 • 

4.  Dolle,  R.  E.  Jr.  ASD  TDR  63-177  "Base  Stock  Characterization  and  Formulation 
Development  for  High  Temperature  Gas  Turbine  lubricants",  to  be  published. 

May  1963. 


5.  Pennsylvania  State  University,  Contract  AF  33(6l6)-7590. 


isai  KOI SOHi ! 00“K0IiVUI XO"OHDIW 


<  O 


T3  O  O 
©  S5  •  -P 
C  to 

©  P  -p 

•  ©  x: 

^  4J  w 
©  ©  © 

T>  g  B  H 

S  o  «m  E 
rH  Vh  O  O 
P  U  • 

-c  05  c  <M  C 
b0  TJ  O  -P 
■H  *H  *H  jC  H5 
H  H  tO  CO  ^ 
©  O  O  P  © 
,  W  P  TJ 

P  **  fc»  Q 
P  O  O  09  E 
O  C  O  -P 


■8  .* 

P  (0  © 

H  H  fl) 

•  o  eg  x: 

TJ  to  P 

©  ©  o 

c  ©sf  P 

©  rH 

-Jrf  P  ©  • 

P  •  -P  JC 
CO  bO  TJ  ©  CO 
Q  *H  ^  ti  *H 

H  E  fi  C 
H  bi)  C  fl  k 
P  ©  O  Q  © 
O  C  4h  E  -P 


ss  cn 

^  >  H 


TJ 

1  © 

1  © 

P 

CO  CO 

cn  © 

d 

o  © 

o  © 

rH 

X  PQ 

u  XI  CQ 

Pt, 

a  w 

a  ^ 

© 

(0 

P  © 

*h  P 

H  P 

p  o  © 

k  P  P 
H  H  p 

o  p  ^ 
•H  *H  03 
H  C  *H 

o  o 

S  -£  P 

o  afe 


©  Ih 

o  E  P^ 

•rl  5J  *H  T3 
P  *■«  C  P 
O  P  O  D 
S  ©  X2  pH 

o  p  aa 


n/-//SRcA>-i3-¥6 


MICRO -OXIDATION-CORROSION  TEST 


•a 


CO 

u 

XI 

■3- 
CM 
o 

CM  •• 

c 

••  O 
© 

«  -P 
•H  CO 
CO  *-» 

®  <§ 

H 

fi-S 

CO  0) 
CO  6-« 


03  CM 
U 

3  •* 
? 

2  H 

E  S-i 

©  -P 

H  *5 


<n 

T3 


« 


fc.  to 

°e 

a^ai 

fes* 

fr.  o 


a 

^.s 


CO 
CO 


•  O  CO 

TJ  «  -P 
©  © 
G  ©  X 
©  H 
-id  43 
£■«  *H  • 
CO  fcDTJ 
T3  **H  © 

H  p 

H  M  ti 
«-l  ®  O 
O  C 


00 


© 

•p 

CO 

u 

© 

'V 

§ 


25 

M 

w 

o 

z 


o 

25 

a 

o 

< 


r\ 

o 

4* 


9 


2 

g 

O 

2u  o 


NT\ 

CN 

I 


G 

o 

ft 

m 

*  g 

CO  ♦  l*  • 

(!)  C  O  £ 

x:  o  o  w 


x: 

© 

E 

5 


•  -P 

T5  3 

C  ^ 

©  o 

©  © 
T?  T3 
•H 
rH  rH 
•H  O 
O  © 


CM 

vn 


to  © 

-H  -p 


£ 


w  © 

H  © 

©  XI 

-P 


nO 

• 

O 

4- 


rM 

W"\ 

4 


O 

ON 

I 


© 

c 


mo  Id 
c^-p 

M  T5 

©  © 
U  -P 

*•  . 

WN  U 

a 

1  JS 

a  o 

h  i 

j?  o 

CM  XI 
** 

a 

1  ££ 

Id 

cL-n 
•o  ETJ 
©  ©  © 
X>  -p  « 

-OB3 

E  §  * 

2^-3 

oUe 


oo 

• 

NO 

CM 


O 

ON 


© 

c 


M  T3 
©  «H 

u  o 

rH  © 
>>  W 

i  © 

rH  03 


CM 

CD 

1 

CM 

NO 

NO 

ON 

1 

CM 

NO 

■ 

i 

i 

i 

* 

i 

CM 

NO 

a 

w 

a 

w 

a 

w 

00 


© 


cn 


o 

CM 


o 

ON 

I 


I 

CM 

NO 

3 

M 


© 

x: 

© 

© 

3 


© 

-P 


T/n-Qsfis-iv-^-Vt 


Aluminum,  titanium,  silver,  tool  steel,  stainless  steel 


